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Abstract
Low-density residential development (i.e., exurban development) is often embedded within a matrix of protected areas and
natural amenities, raising concern about its ecological consequences. Forest-dependent species are particularly susceptible
to human settlement even at low housing densities typical of exurban areas. However, few studies have examined the
response of forest birds to this increasingly common form of land conversion. The aim of this study was to assess whether,
how, and at what scale forest birds respond to changes in habitat due to exurban growth. We evaluated changes in habitat
composition (amount) and configuration (arrangement) for forest and forest-edge species around North America Breeding
Bird Survey (BBS) stops between 1986 and 2009. We used Threshold Indicator Taxa Analysis to detect change points in
species occurrence at two spatial extents (400-m and 1-km radius buffer). Our results show that exurban development
reduced forest cover and increased habitat fragmentation around BBS stops. Forest birds responded nonlinearly to most
measures of habitat loss and fragmentation at both the local and landscape extents. However, the strength and even
direction of the response changed with the extent for several of the metrics. The majority of forest birds’ responses could be
predicted by their habitat preferences indicating that management practices in exurban areas might target the
maintenance of forested habitats, for example through easements or more focused management for birds within existing or
new protected areas.
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Introduction
The expansion of human settlement along the urban-rural
fringe has received considerable global attention in recent decades
[1–5]. In the United States, conversion of privately owned rural
lands into low-density residential development (i.e., exurban
development) has increased five- to sevenfold between 1950 and
2000 [6]. In the Mid-Atlantic region of the United States, the
dispersed, isolated housing units typical of exurban areas are
embedded within a forest matrix, often close to protected areas [7]
and natural amenities [8,9]. Understanding the impacts of
exurban development on wildlife and biodiversity is crucial to
better understand long-term effects of exurban development and
to develop successful land use and conservation planning [10,11].
Humans generally remove natural habitats by building settle-
ments, which can serve to fragment the landscape [12–14]. Both
habitat loss and fragmentation modify the spatial pattern of
remnant habitats, creating smaller and isolated fragments, thus
compromising habitat quality and quantity. Wildlife responds in a
variety of ways depending on species traits and life histories
[15,16]. Some species thrive in these environments whereas others,
such as forest birds, decline rapidly (e.g., [17,18]). Possible reasons
for long-term reductions of forest-bird species in these environ-
ments include predation [19], brood parasitism [20], and
competition with human-adapted species [21]. Forest birds have
been shown to be particularly susceptible to human settlement
even at housing densities as low as 0.095 house/ha [22–27].
Understanding how exurban development alters forest birds’
habitat over time is a conservation priority given the unprece-
dented rates of exurban development in eastern temperate forests
of the Mid-Atlantic [6,28]. Forest bird abundance is generally
positively related to proportion of forest cover (e.g., [29,30]), but
the spatial distribution of suitable habitat also affects forest birds’
occurrence and fecundity [31,32]. Declines of forest birds have
been well documented in eastern North America, and these
declines have been associated with habitat loss and fragmentation
due to roads, power lines, and residential development [11,33,34].
However, few studies have examined the response of species
through time as residential development progresses [18].
Species may respond nonlinearly to habitat loss and fragmen-
tation (reviewed by [35]). Nonlinear responses of species to habitat
loss and fragmentation may complicate our ability to determine
the response of biodiversity to exurban development. Theoretical
models predict the existence of a change point or threshold in
which an abrupt reduction in occupancy occurs despite the
presence of sufficient suitable habitat [36–39]. Some studies show
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empirical evidence for threshold existence in birds [40–43],
although others have not found any evidence to support threshold
responses [44]. It is uncertain whether threshold declines in forest
birds apply to exurban development. If these relationships are
appropriately characterized by threshold models, determining the
range at which exurban development induces population crashes
may provide guidance for landscape planning, management, and
conservation.
The aim of this study was to assess whether and how forest birds
respond to changes in habitat due to exurban growth. We
evaluated habitat composition (amount) and configuration (ar-
rangement) for selected bird species (i.e., forest and forest-edge
species) around North America Breeding Bird Survey stops
between 1986 and 2009. The approach accounted for year-to-
year variability in species abundances and investigated species
responses to both habitat loss and fragmentation as exurban
development increased over time. In addition, we assessed whether
selected bird species showed thresholds in both occurrence
frequency and relative abundance. We used Threshold Indicator
Taxa Analysis [45] to detect change points in species occurrence.
We evaluated two spatial extents (400-m and 1-km radius buffer)
to determine if species responded differently to changes at the local
and landscape scales. We expected that forest species would
exhibit a strong negative response to exurban development at both
extents, whereas forest-edge species would respond positively to
high levels of exurban land cover.
Methods
Study area
The study area encompassed nine counties in north-central
Virginia (Clarke, Culpeper, Fauquier, Frederick, Madison, Page,
Rappahannock, Shenandoah, and Warren) and two in western
Maryland (Washington and most of Frederick; Figure 1). The
region has experienced a remarkable population growth. For
example, counties included in the study area had growth rates
ranging from 4% (Page County) to 40% (Culpeper County)
between 2000 and 2009 [46]. Concomitant with this population
growth, the region has also experienced an increase in exurban
area from 2.3% in 1986 to 7.3% in 2009 [28]. One reason for the
increased exurban development is the easy access and well-
maintained transportation infrastructure to the metropolitan
Washington, DC area which provides employment opportunities
[47].
Breeding bird survey
We used the North America Breeding Bird Survey (BBS;
[48,49]) to gather relative abundance data. The BBS is a large-
scale annual roadside survey to monitor the status and trend of
breeding bird populations in the United States and southern
Canada since 1966. The survey is performed along secondary
roads by experienced volunteer observers in late May to early July,
the peak of the breeding season. Routes are 39.4 km long and
consist of 50 survey stops located at 0.8 km intervals. During the
survey, observers record all birds heard or seen within 0.4 km in a
3-min period. We focused our analysis on survey stops instead of
the entire route because our interest was on local characteristics of
breeding habitats and routes might vary in local environmental
conditions [50,51]. We chose all routes located in the study area
and from them we uniformly selected at most 10 survey stops per
route (every fifth stop along the route). We only considered survey
stops that had detailed direction descriptions and fell within the
study region (125 survey points in total; Figure 1). This
information was important for geocoding and characterizing
site-specific features of selected survey stops. A maximum of 10
stops per route was chosen to reduce overlap between circular
areas around survey stops and decrease the likelihood of spatial
autocorrelation.
We focused on 11 forest-nesting passerine species whose habitat
preferences included forest –Ovenbird (Seiurus aurocapilla), Red-
eyed Vireo (Vireo olivaceus), American Redstart (Setophaga ruticilla),
Wood Thrush (Hylocichla mustelina), Scarlet Tanager (Piranga
olivacea), Eastern Wood-Pewee (Contopus virens), Eastern Phoebe
(Sayornis phoebe); and forest-edge –Eastern Towhee (Pipilo ery-
throphthalmus), Gray Catbird (Dumetella carolinensis), Northern
Cardinal (Cardinalis cardinalis), and Indigo Bunting (Passerina cyanea)
[52]. We defined forest species as birds that utilized a wide variety
of deciduous and mixed deciduous-coniferous forest types and that
may favor interior forested habitats. Forest-edge species are those
species that are strongly associated with forest edges and open
habitats [53]. These species were selected to represent contrasting
habitat preferences (forest vs. edge) and because they were
detected on at least 5% of surveys during the 1986–2009 interval.
In addition, many of these species are reported to have
experienced population declines or reduced fecundity in their
distribution range due to habitat loss or fragmentation [32,54–56].
Our study was designed to determine if the specific land
conversion process of exurban development corresponded with
abundance changes for these species.
Landscape structure around Breeding Bird Survey stops
We established circular areas of 400-m and 1-km radius around
selected BBS stops. These areas were chosen to characterize both
breeding bird territories [57,58], which were assumed to be in the
immediate surroundings of survey stops, and areas feasibly visited
during bird daily movements [59,60]. To quantify landscape
structure around selected survey stops over time at these two
extents, we used Landsat 5 TM imagery for 1986, 1993, 2000, and
2009. We performed standard pre-processing procedures (atmo-
spheric and topographic correction) prior to image classification.
We used aerial photos to generate a training dataset to supervise
a classification of areas of exurban development. Exurban
development was defined as areas with housing densities between
1 unit per 0.4 ha and 1 unit per 16.3 ha (e.g., 6 - 250 houses per
km2) [6]. We used both spectral and spatial characteristics to
define and identify exurban areas [28]. Spectral characteristics
were derived from spectral mixture analysis [61] of corrected
Landsat images to estimate the fractional cover of vegetation,
substrate, non-photosynthetic vegetation, and shade within each
image. We built decision trees based on spectral mixture analysis
outputs to classify exurban development between 1986 and 2009.
We used morphological spatial pattern analysis to further analyze
terminal nodes from the decision trees that could not discriminate
between exurban and urban areas based on spectral characteristics
alone [62,63]. Scattered, isolated pixels were regarded as spatial
characteristics typical of exurban development. This procedure
allowed us to distinguish exurban areas from forest and urban
areas and create a land-cover map that was used to characterize
areas around survey stops.
We used FRAGSTATS 3.3 [64] and GUIDOS 1.3 [62,63] to
estimate both landscape composition and configuration within the
two circular areas around selected survey stops for 1986, 1993,
2000, and 2009. Landscape composition variables described the
amount of habitat and included proportion of area occupied by
forest and exurban development. Landscape configuration vari-
ables described the arrangement of forest habitat and included
area-weighted average patch size, number of forest patches greater
than 0.45 ha, and proximity index [65]. Proximity index is a
Threshold Response of Birds to Landscape Change
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measure of isolation that considers both patch size and proximity
of a focal patch to all forest patches around. We only considered
forest patches $ 100 ha within 2500 m of the focal patch. A
2500 m range was selected to reflect dispersal patterns of most
songbirds (dispersal median distance range: 0.3 – 7.3 km; [66]).
The proximity index increases as the neighborhood is increasingly
occupied by forest patches and as those patches become closer and
more contiguous or less isolated. GUIDOS was used because it
identifies and graphically depicts the different types of landscape
elements created by the fragmentation process [63]. The software
package analyzes map geometry by applying mathematical
morphological operators to allocate each pixel to one of a
mutually exclusive set of classes. We quantified changes in the
proportion of forest interior (core class), forest fragments (islet
class), and forest edge (edge and perforation classes).
Although some of these variables are not independent, many
have been shown to affect abundance of birds [32,67–70] and
represent different aspects of potential habitat alteration.
Analysis
BBS data have unknown precision due to observer differences
[71], first-year observers’ skills [72,73], environmental conditions
[74], and habitat features [50]. We used a hierarchical Bayesian
model to adjust BBS counts and account for these limitations. We
modeled count data as hierarchical over-dispersed Poisson
variables and fit models using Markov Chain Monte Carlo
(MCMC) methods in WinBUGS 1.4.3 [75]. Hierarchical Bayesian
models are frequently applied to BBS data [76–78] and are better
able to account for variability in complex time series than other
methods [79]. We specified Cit as the count for each species on
stop i and time t where i =1,..., N; t = 1,…, T; and N and T were
the number of stops and the number of years species were
observed, respectively. Conditioned on the model, counts (Cit) were
independent across years and stops, and these conditional
distributions for Cit were assumed to be Poisson with mean mit:
Cit*Pois mitð Þ ð1Þ




where each stop was assumed to have a separate intercept (b0) and
time trend (b1). The model also included several sources of
variability including unknown route-level effects (Routeit), observer
effects (Observerit), and an additional noise component (Noiseit) to
help account for over-dispersion in the data. BBS observers tend to
over or under-record certain species in their first year relative to
subsequent years [77,80] and to incorporate this effect we treated
an individual’s first year (FirstYearit) as a binary indicator variable
(b2). The precision parameters (t
2) for b0-2, observer, route, and
noise effects were assigned vague inverse gamma prior distribu-
tions [81] with parameters (0.001, 0.001).
Figure 1. Study region (shaded area). It includes nine counties in north-central Virginia and two in western Maryland. Circles represent 125 North
American Breeding Bird Survey (BBS) stops that were uniformly selected from routes. Zoom-in window shows example of a landscape within a 1-km
radius of a selected survey stop.
doi:10.1371/journal.pone.0067593.g001
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We used two Markov chains for each model and examined
model convergence and performance through Gelman-Rubin
diagnostics and individual parameter histories [82,83]. Time to
convergence varied among species depending on the amount of
data for that species (30,000 – 200,000 iterations required). Once
convergence was reached, we obtained derived estimates of the
count at each stop and in each year, and these adjusted counts
were then used for the threshold analysis. In addition, we
estimated for each selected species the linear trend coefficient
(i.e., the slope of abundance over time on a log scale) and percent
annual change (the expected count in the last year divided by the
expected count in the first year raised to 1/number of years). For
trend coefficients (slope and percent annual change), we
interpreted significance based on values with 95% credible
intervals not overlapping zero.
We examined the relationship between landscape variables and
selected species adjusted counts by fitting a non-parametric locally
weighted polynomial regression (loess; [84]). When the loess
regression highlighted nonlinearity in the relationship, then a
change-point analysis to test for nonlinear threshold response was
used.
We estimated potential species thresholds to landscape variables
in space and time using Threshold Indicator Taxa ANalysis
(TITAN; [45]). TITAN identifies abrupt changes in both
occurrence frequency and relative abundance of individual taxa
along an environmental gradient. It is able to distinguish responses
of individual taxa with low occurrence frequencies or highly
variable abundances and does not assume linear response along all
or part of an environmental gradient. TITAN uses normalized
indicator species taxa scores (z) to establish a change-point location
that separates the data into two groups and maximizes association
of each taxon with one side of the partition. Z scores measure the
association of taxon abundance weighted by their occurrence and
is normalized to facilitate cross-taxa comparison. Thus, TITAN
distinguishes negative (z-) and positive (z+) indicator response taxa.
To measure quality of the indicator response and assess
uncertainty around change-point locations, TITAN bootstraps
the original dataset and recalculates change points with each
simulation. Uncertainty is expressed as quantiles of the change-
point distribution. Narrow intervals between upper and lower
change-point quantiles (i.e., 5 and 95%) indicate nonlinear
response in taxon abundance whereas broad quantile intervals
are characteristic of taxa with linear or more gradual response.
Diagnostic indices of the quality of the indicator response are
purity and reliability. Purity is the proportion of bootstrap
replicates that agree with the direction of the change-point for
the observed response. Pure indicators (purity $ 0.95) are those
that consistently assign the same response direction during the
resampling procedure. Reliability is the proportion of change-
point individual value scores (IndVal) among the bootstrap
replicates that consistently have p-values below defined probability
levels (0.05). Reliable indicators (reliability $ 0.95) are those with
consistently large IndVal. Because purity and reliability indices did
not differ for most metrics, we only reported the reliability index.
We ran TITAN for the 11 selected bird species and each of the
landscape variables in R 2.11.1 [85]. We used the minimum
number of observations on each side of the threshold split that is
required by TITAN (n= 5). Because our data set was very large,
we specified 250 permutations to compute z scores and diagnostic
indices as suggested by Baker and King [45].
Results
Breeding Bird Survey
There were 2481 detections on the 125 selected survey stops
between 1986 and 2009. The most common species was the
Indigo Bunting (1108 detections) and the least common was the
Eastern Phoebe (190 detections; Table 1). Forest-edge species were
the more abundant group (average of 1094 individuals per species)
compared to the forest species (525 individual counts per species).
Annual mean adjusted abundances (i.e., posterior means) showed
population trends of selected species between 1986 and 2009
accounting for differences in route, observer, and detection year
(Figure 2). The Gray Catbird, Northern Cardinal, American
Redstart, Ovenbird, and Red-eyed Vireo showed significant
increases in estimated abundance between 1986 and 2009
(Table 1). American Redstart had the highest percent change
per year (3.1%). For the other six species, the estimated abundance
did not significantly change through the 24-year period.
Landscape structure around Breeding Bird Survey stops
Landscape composition and configuration changed through
time during the period of study, except for 20% of BBS that were
inside protected areas (Table 2). For the 400-m radius buffer,
amount of forest decreased from 49.2% in 1986 to 41.2% in 2009;
whereas, the amount of exurban development increased from
1.7% in 1986 to 6.0% in 2009. Configuration of forest patches also
differed among years. Although the number of forest patches
remained nearly constant, area-weighted average patch size
decreased by a mean of 2.1 ha in the last time period. This
decrease in patch size was accompanied by a decrease in forest
edge from 1986 to 2009, a decrease in forest interior, an increase
in forest fragments, and a decrease in the proximity index. In
general, all metrics changed much more in later time periods than
early years reflecting the increasing rate of exurban development
in the study region.
Similar patterns were observed for the 1-km radius buffer (Table
2). Those differences that did exist can largely be explained by the
area effect of the larger buffer. More forest patches were found in
the larger 1-km radius buffer, and these patches were generally
larger (e.g., area-weighted average patch size in 2009 of 111.6 ha
for the 1-km buffer vs. 18.5 ha for 400-m buffer). The larger buffer
also contained fewer forest fragments (19.9 vs. 31.9% in 2009), but
underwent a greater loss in forest interior from 1986 to 2009 (6.5%
for 1-km buffer vs. 4.4% for 400-m buffer).
Threshold response of bird species to landscape
structure
Scatterplots of adjusted counts fitted with a non-parametric
locally weighted polynomial regression (loess) model indicated a
nonlinear relationship between several of the landscape variables
and selected bird species (see examples in Figure 3). In general,
forest species exhibited threshold responses to both landscape
composition and configuration (Figure 4). For the 400-m radius
buffer, most of the forest species were positive indicator taxa for
the amount of forest (mean change point: 24.3%), forest interior
(15.4%), area-weighted average patch size (5.7 ha), and proximity
index (9078). Most of the forest species were negative indicator
taxa for the amount of exurban development (0.2%) and
proportion of forest fragments (19.7%). American Redstart was
the only forest species that responded negatively to forest edge
(change point: 29.1%), whereas the rest of the forest species
responded positively (mean change point: 16.6%). Eastern Phoebe
was the only forest species that declined with amount of forest,
proportion of forest interior, and area-weighted average patch size.
Threshold Response of Birds to Landscape Change
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Table 1. Hierarchical-model estimates based on Breeding Bird Survey stops for forest and forest- edge species.
Species
Number of total
detections (% of surveys)
Mean adjusted
abundance Trend coefficient Percent change/year
Forest species
American Redstart (AMRE) 225 (9.1) 0.13260.015 0.042 3.10
Ovenbird (OVEN) 248 (10.0) 0.13760.016 0.029 2.70
Red-eyed Vireo (REVI) 632 (25.5) 0.37360.027 0.024 2.70
Eastern Phoebe (EAPH) 190 (7.7) 0.09060.014 0.005 1.80
Wood Thrush (WOTH) 618 (24.9) 0.39660.027 0.008 1.10
Scarlet Tanager (SCTA) 364 (14.7) 0.18060.018 –0.004 0.30
Eastern Wood-Pewee (EAWP) 490 (19.8) 0.23760.018 –0.001 –0.20
Forest-edge species
Gray Catbird (GRCA) 509 (20.5) 0.40160.048 0.025 2.80
Northern Cardinal (NOCA) 808 (32.6) 0.46160.027 0.022 1.50
Eastern Towhee (EATO) 526 (21.2) 0.31360.025 0.007 1.00
Indigo Bunting (INBU) 1108 (44.7) 0.65760.031 –0.006 0.50
American Ornithologists Union alpha codes for English common names are in parenthesis. Trend coefficient represents the slope on a log scale of abundance over time.
Values in bold indicate 95% credible intervals.
doi:10.1371/journal.pone.0067593.t001
Figure 2. Time series of mean abundance adjusted for missing observations and observer differences. Lines indicate posterior median
(line nearly coincident with the circles) with 95% confidence intervals.
doi:10.1371/journal.pone.0067593.g002
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This species also responded positively to the proportion of forest
fragments, though some relationships for this species were of lower
reliability (Appendix S1).
Forest-edge species had strong threshold responses to landscape
composition and most of the configuration metrics at both extents
(Figure 4). For the 400-m radius buffer, for example, all forest-edge
species responded positively to the number of forest patches (mean
change point: 0.6 patches). Gray Catbird and Northern Cardinal
increased sharply with amount of exurban development, propor-
tion of forest fragments, and forest edge (although forest edge was
not a reliable indicator for Gray Catbird). These two species
responded negatively to the amount of forest, forest interior, area-
weighted average patch size, and proximity index (Figure 4).
However, Eastern Towhee and Indigo Bunting were positive
indicator taxa for the amount of forest, forest interior, area-
weighted average patch size, proximity index, and forest edge, and
were negative indicator taxa for the proportion of forest fragments.
Eastern Towhee was the only forest-edge species that responded
negatively to the amount of exurban development and had similar
change points to those exhibited by forest species.
Similar patterns in threshold response were observed for the two
buffer widths (Figure 4 comparison of top and bottom panels)
except for number of forest patches and proportion of forest edge.
For these two variables, the direction of the response for roughly
half of the species changed with buffer width. For most of the
species, the direction of the response was positive for the 400-m
radius buffer but negative for the 1-km radius buffer. However, the
quality of indicators for the proportion of forest edge was less
reliable for the 1-km radius buffer.
The quality of the indicator and confidence around change-
point locations varied by extent and by landscape structure
variable. For example, the forest species Red-eyed Vireo
responded positively to the amount of exurban development.
However, the indicator was only moderately reliable for the 400-m
radius buffer (reliability = 0.70; Appendix S1). Reliability also
changed with extent of analysis for some species and indicators.
For example, the reliability of the response of the forest species
Eastern Phoebe to the proximity index was higher within the 400-
m radius buffer (reliability = 0.74) than for the 1-km radius buffer
(reliability = 0.38). Gray Catbird, an edge species, had a positive
response to the number of forest patches within the 400-m radius
buffer and a negative response within the 1-km radius buffer.
However, the reliability for the 1-km radius buffer was poor
(reliability = 0.32). In general, where there were differences in
reliability at different extents, the 400-m relationships were more
reliable.
Forest species had relatively narrow bootstrapped change-point
distributions for most landscape structure characteristics indicating
confidence about the existence of a threshold (Figure 4). However,
for some landscape structure characteristics, forest species
exhibited variable width in the bootstrapped change-point
distributions. For example, some species (e.g., Eastern Wood-
Pewee) had a sharp response to the amount of forest whereas
others (e.g., Red-eyed Vireo) had a more gradual response. In
general, forest-edge species (except for Eastern Towhee) had broad
bootstrapped change-point distribution suggesting a more gradual
response for most landscape structure characteristics.
Discussion
Our results support the existence of nonlinear responses to
habitat loss and fragmentation [37,41,43] and variation in
sensitivity to alteration of landscape structure due to exurban
development depends on species habitat specificity (Figure 4;
[41,86]). For example, species that positively responded to the
amount of exurban development (e.g., Northern Cardinal) are
often found throughout a range of habitats from shrubby sites in
logged and second-growth forests to plantings around buildings
Table 2. Landscape structure surrounding selected Breeding Bird Survey stops (n = 125) at 400-m and 1-km radius buffer (mean
6 sd) for 1986, 1993, 2000, and 2009.
Variables 1986 1993 2000 2009
400-m radius buffer
Forest (%) 49.2639.3 48.3639.3 46.2639.4 41.2639.2
Exurban development (%) 1.762.5 2.162.6 3.163.4 6.066.8
Forest interior (%) 39.8632.2 38.1631.9 35.8631.8 29.3632.4
Area- weighted average patch size (ha)22.2620.8 21.7620.7 20.6620.6 18.5620.5
Forest fragments (%) 23.4635.7 23.5635.6 25.1637.9 31.9640.9
Number of forest patches (. 0.45 ha) 1.761.1 1.761.2 1.661.2 1.661.4
Forest edge (%) 24.1614.7 24.3614.8 24.5616.4 20.7616.2
Proximity index 25156.86071.5 23165.16749.6 14763.062712.3 9884.664949.1
1-km radius buffer
Forest (%) 51.0635.7 50.0635.6 47.9635.7 42.7635.8
Exurban development (%) 1.861.6 2.261.9 3.262.6 6.265.6
Forest interior (%) 55.6628.9 53.1628.9 49.4630.2 40.1632.4
Area- weighted average patch size (ha)134.46123.5 131.86123.1 123.26121.7 111.66121.3
Forest fragments (%) 10.2617.8 11.2619.6 14.4624.5 19.9628.8
Number of forest patches (. 0.45 ha) 5.064.2 5.064.2 5.364.3 5.464.4
Forest edge (%) 23.6611.3 24.5611.8 24.4612.6 22.5612.8
Proximity index 25957.06205.7 23906.86060.7 15272.461243.6 10533.364917.0
doi:10.1371/journal.pone.0067593.t002
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[87]. Sensitive species who responded negatively to amount of
exurban development (e.g., Wood Thrush) are more frequently
found in well-developed deciduous and mixed forests [88].
Despite loss of forest and increase of exurban development, bird
sightings significantly increased during the 24-year period for five
of the 11 species analyzed. The detection of two of the forest-edge
species (Northern Cardinal and Gray Catbird) increased between
1986 and 2009. These species are found in forest edges and
clearings, fencerows, abandoned farmland, or residential areas
[87,89]. Thus, more sightings in exurban areas may indicate that
these species have been taking advantage of the increased
availability of suitable habitats and supplemental feeding provided
by landowners [90]. The species also had broad change-point
distributions indicating gradual responses to the land-cover
change. Although we did not expect to find a threshold response,
the direction of the response showed by these species corresponded
with their habitat preferences. In other words, these species were
indicators of habitat fragmentation due to exurban development
(e.g., increased in abundance with increase in forest fragments and
decrease in forest interior).
The other three species that experienced abundance increases
were forest birds (American Redstart, Red-eyed Vireo, and
Ovenbird). This was surprising given documented population
declines in other studies for the Red-eyed Vireo and the Ovenbird
due to habitat loss and fragmentation (e.g., [32,56]). American
Redstart and Red-eyed Vireo are forest birds but seem to occur
more frequently in early and mid-successional forest habitats and
even start to decline as forests mature [91–93]. Thus, the type of
forest disturbance associated with exurban development may
benefit these species. The larger temporal and spatial scale
regional regrowth of eastern forests due to farmland abandonment
since the early twentieth century [94–96] also may explain the
slight increase in abundance of these species. However, all three of
the species showed a strong threshold response to amount of forest,
suggesting that they are sensitive to reduced forest cover. It is
important to note that the amount of forest of more than 45% of
survey stops in 2009 were above the identified thresholds at both
extents for American Redstart, Red-eyed Vireo, and Ovenbird.
Thus, it seems that abundance increase is occurring dispropor-
tionately in relatively intact forests (e.g., protected areas)
Figure 3. Example relationships between adjusted abundance for species representing the forest and forest-edge groups and
selected landscape variables. Landscape composition (e.g., proportion of forest) and landscape configuration (e.g., proportion of forest
fragments) in 400-m radius circular areas are depicted. The line represents non-parametric locally weighted polynomial regression curve (loess).
doi:10.1371/journal.pone.0067593.g003
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confounding any negative effects that forest decline [32] in
exurban areas may have, though further assessment is required to
confirm this assertion.
Although species showed similar response patterns at both
extents, for two of the landscape configuration variables (number
of patches and forest edge), the direction of the response changed
with the extent. Similar results were found by Smith [97] who
demonstrate that fragmentation effects depend on the landscape
extent considered. Thus, the extent should be explicitly accounted
for when evaluating the effects of these two metrics on forest birds.
In general, the 400-m relationships were deemed more reliable by
the TITAN threshold analysis indicating that more local change
processes had a greater effect on species occurrence and relative
abundances.
Although the majority of species responses were consistent with
our classification regarding habitat preferences, there were two
species (Eastern Phoebe and Eastern Towhee) whose response did
not correspond to the assigned group. Eastern Phoebe is generally
a woodland species [98] and was classified as a forest species.
However, this species had threshold responses similar to those
exhibited by forest-edge species for most of the landscape structure
variables. This may be explained by nest placement preferences.
Eastern Phoebe is mostly constrained by availability of suitable
nest sites [98] and nests are often located on bridges, culverts,
buildings, and rock outcrops in the vicinity of water [99]. Change
in landscape structure due to exurban development may benefit
this species, but further monitoring of its population is recom-
mended. In contrast, Eastern Towhee exhibited a response similar
to those showed by forest species. This species is thought of as an
edge-associated generalist and places its nests on or above ground,
usually at 1.5 m in shrubby areas [100]. However, these results
suggest that Eastern Towhees may be more sensitive to habitat
change due to exurban development than previously expected.
Alternatively, Eastern Towhees might be more susceptible to
increased predation pressure from free-ranging domestic cats
common in exurban development [101,102].
The threshold responses that we detected for selected forest bird
species indicate that species were affected in a nonlinear fashion by
changes in landscape composition and configuration. However,
the thresholds observed may not necessarily be similar for forest
bird communities as a whole. In addition, threshold responses
detected should not be used as a point below which a population
will not persist [103] but rather as guidelines for management
practices in areas prone to exurban development.
Given the wide range of threshold values observed in this study
(e.g., threshold response to the amount of forest ranged between
9.6 and 33.9% for the 400-m radius buffer), it is problematic to
suggest generic recommendations on how to best conserve forest
birds in exurban areas. Exurban development is creating habitats
that suit forest-edge species, and the main risk is at the other end of
the spectrum for the forest species that require large amount of
continuous forest cover. Incorporating threshold response in
conservation planning might focus on maintaining forested
Figure 4. Threshold Indicator Taxa ANalysis (TITAN). Landscape
variables were used as predictors of threshold changes in individual
bird species in 400-m (top panel) and 1-km radius circular areas (bottom
panel) between 1986 and 2009 in north-central Virginia and western
Maryland. Only indicator taxa (purity $ 0.95 and reliability $ 0.95) are
plotted in increasing order with respect to their observed change point.
Solid circles correspond to negative (z-) indicator taxa (with corre-
sponding species labels on the left axes) and open circles correspond to
positive (z+) indicator taxa (with corresponding species labels on the
right axes). Circles are sized in proportion to z scores. Lines overlapping
each circle represent 5 and 95% percentiles among 250 bootstrap
replicates. Landscape variables evaluated were (A) forest, (B) exurban
development, (C) forest interior, (D) area-weighted averaged patch size,
(E) forest fragments, (F) number of forest patches, (G) forest edge, and
(H) proximity index. Taxa IDs correspond to the American Ornithologists
Union alpha codes for English common names.
doi:10.1371/journal.pone.0067593.g004
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habitats targeted towards the most sensitive species. For example,
exurban areas can be managed to retain forest conditions close to
the identified thresholds in species occurrence and relative
abundance for the most sensitive of selected forest birds such as
Red-Eyed Vireo, and in this way other forest birds would also be
protected.
It is important to note that the BBS is poor for surveying
sensitive forest species with large area requirements. As a result,
this analysis considered species that are dependent on forests, but
not some of those species that might have been especially sensitive
to forest loss (e.g., Kentucky Warbler). Therefore, management
efforts targeting the maintenance of larger forest patches as
exurban development continues will also benefit some of these
other sensitive forest-dependent species. This could be achieved
through easements or more focused management for forest birds
within existing or new protected areas. The value of high-quality
potential source habitat is suggested by the unchanged or even
increasing abundance of many of the forest species, although they
exhibit negative threshold responses to many of the predictor
variables when the entire spatial-temporal dataset is considered.
Additional monitoring work, perhaps within the region’s protected
areas [104], could expand beyond the BBS roadside surveys to
account for some of the limitations of its design.
Conclusion
Rural private lands are being converted to exurban develop-
ment at high rates in the Mid-Atlantic region and around the
world [28], and this trend is likely to continue into the future [5].
Our results show that exurban development is altering forest
habitats. Forest birds exhibited a threshold response to landscape
structure alteration at both local and landscape extents. The
majority of forest birds’ responses could be predicted by their
habitat preferences indicating that management practices in
exurban areas might target the maintenance of forested habitats
(e.g., through easements or more focused management for birds
within existing or new protected areas) lest risk broad-scale
changes in bird community composition within these landscapes.
Supporting Information
Appendix S1 Threshold Indicator Taxa ANalysis (TI-
TAN) results for forest and forest-edge species for 400-m
and 1-km radius buffer.
(DOCX)
Acknowledgments
We would like to thank the thousands of volunteers who have collected
Breeding Bird Survey Data and D. Ziolkowski and K. Pardieck (USFWS)
for providing the bird data, the topographic maps, and the description of
the BBS stops. We are grateful to J. B. Churchill, R. Hildebrand, R.
Gardner, A. Elmore, L. Wainger, and P. Marra for technical assistance and
fruitful discussions about the design of this study. We also thank the editor
and reviewers for their valuable comments.
Author Contributions
Conceived and designed the experiments: MSR PL TL. Performed the
experiments: MSR. Analyzed the data: MSR SW. Wrote the paper: MSR
SW. Revised the paper critically for important intellectual content: PL TL.
References
1. Burnley IH, Murphy PA (1995) Exurban development in Australia and the
United-States - through a glass darkly. J Plan Educ Res 14: 245–254.
2. Struyk RJ, Angelici K (1996) The Russian dacha phenomenon. Housing Stud
11: 233–261.
3. van den Berg L, Wintjes A (2000) New rural ‘live style estates’ in The
Netherlands. Landsc Urban Plan 48: 169–176.
4. Liu J, Daily GC, Ehrlich PR, Luck GW (2003) Effects of household dynamics
on resource consumption and biodiversity. Nature 421: 530–533.
5. Theobald DM (2005) Landscape patterns of exurban growth in the USA from
1980 to 2020. Ecol Soc10: 32–66.
6. Brown DG, Johnson KM, Oveland TR, Theobald DM (2005) Rural land-use
trends in the conterminous United States, 1950–2000. Ecol Appl 15: 1851–
1863.
7. Wade AA, Theobald DM (2010) Residential development encroachment on
US protected areas. Conserv Biol 24: 151–161.
8. McGranahan DA (1999) Natural amenities drive population change.
Washington, DC, USA: Food and Rural Economics Division, Economic
Research Service, US Department of Agriculture.
9. Kwang-Koo K, Marcouiller DW, Deller SC (2005) Natural amenities and rural
development: understanding spatial and distributional attributes. Growth
Change 36: 273–297.
10. Miller JR, Hobbs RJ (2002) Conservation where people live and work. Conserv
Biol 16: 330–337.
11. Hansen AJ, Knight RL, Marzluff JM, Powell S, Brown K, et al. (2005) Effects
of exurban development on biodiversity: patterns, mechanisms, and research
needs. Ecol Appl 15: 1893–1905.
12. Donnelly R, Marzluff JM (2006) Relative importance of habitat quantity,
structure, and spatial pattern to birds in urbanizing environments. Urban
Ecosystems 9: 99–117.
13. McKinney ML (2008) Effects of urbanization on species richness: a review of
plants and animals. Urban Ecosystems 11: 161–176.
14. Evans KL, Newson SE, Gaston KJ (2009) Habitat influences on urban avian
assemblages. Ibis 151: 19–39.
15. Marzluff JM (2001) Worldwide urbanization and its effects on birds. In:
Marzluff JM, Bowman R, Donnelly R, editors. Avian ecology and conservation
in an urbanizing world. Boston, USA: Kluwer Academic Publishers. pp. 19–47.
16. McDonnell M, Hahs A (2008) The use of gradient analysis studies in advancing
our understanding of the ecology of urbanizing landscapes: current status and
future directions. Landsc Ecol 23: 1143–1155.
17. Blair RB (2001) Birds and butterflies along urban gradients in two ecoregions of
the US. In: Lockwood JL, McKinney ML, editors. Biotic Homogenization.
Norwell, Massachusetts, USA: Kluwer. pp. 33–56.
18. Chace JF, Walsh JJ (2006) Urban effects on native avifauna: a review. Landsc
Urban Plan 74: 46–69.
19. Newhouse MJ, Marra PP, Johnson LS (2008) Reproductive success of house
wrens in suburban and rural landscapes. Wilson J Ornithol 120: 99–104.
20. Chace JFWJJ, Cruz A, Prather JW, Swanson HM (2003) Spatial and temporal
activity patterns of the brood parasitic brown-headed cowbird at an urban/
wildland interface. Landsc Urban Plan 64: 173–190.
21. Engels TM, Sexton CW (1994) Negative correlation of Blue jays and Golden-
cheeked Warblers near an urbanizing area. Conserv Biol 8: 286–290.
22. Friesen LE, Eagles PFJ, Mackay RJ (1995) Effects of residential development
on forest-dwelling Neotropical migrant songbirds. Conserv Biol 9: 1408–1414.
23. Engle DM, Criner TL, Boren JC, Masters RE, Gregory MS (1999) Response of
breeding birds in the Great Plains to low density urban sprawl. Great Plains
Res 9: 55–73.
24. Odell EA, Knight RL (2001) Songbird and medium-sized mammal
communities associated with exurban development in Pitkin County,
Colorado. Conserv Biol 15: 1143–1150.
25. Fraterrigo JM, Wiens JA (2005) Bird communities of the Colorado Rocky
Mountains along a gradient of exurban development. Landsc Urban Plan 71:
263–275.
26. Merenlender AM, Reed SE, Heise KL (2009) Exurban development influences
woodland bird composition. Landsc Urban Plan 92: 255–263.
27. Suarez-Rubio M, Renner SC, Leimgruber P (2011) Influence of exurban
development on bird species richness and diversity. J Ornithol 152: 461–471.
28. Suarez-Rubio M, Lookingbill TR, Elmore AJ (2012) Exurban development
from 1986 to 2009 surrounding the District of Columbia, USA. Remote Sens
Environ 124: 360–370.
29. Pidgeon AM, Radeloff VC, Flather CH, Lepczyk CA, Clayton MK, et al.
(2007) Associations of forest bird species richness with housing and landscape
patterns across the USA. Ecol Appl 17: 1989–2010.
30. Valiela I, Martinetto P (2007) Changes in bird abundance in eastern North
America: urban sprawl and global footprint? BioScience 57: 360–370.
31. Jones KB, Neale AC, Nash MS, Riitters KH, Wickham JD, et al. (2000)
Landscape correlates of breeding bird richness across the United States Mid-
Atlantic region. Environ Monit Assess 63: 159–174.
32. Donovan TM, Flather CH (2002) Relationships among North American
songbird trends, habitat fragmentation, and landscape occupancy. Ecol Appl
12: 364–374.
33. Askins RA (1995) Hostile landscapes and the decline of migratory songbirds.
Science 267: 1956–1957.
34. Mancke RG, Gavin TA (2000) Breeding bird density in woodlots: effects of
depth and buildings at the edges. Ecol Appl 10: 598–611.
Threshold Response of Birds to Landscape Change
PLOS ONE | www.plosone.org 9 June 2013 | Volume 8 | Issue 6 | e67593
35. Swift TL, Hannon SJ (2010) Critical thresholds associated with habitat loss: a
review of the concepts, evidence, and applications. Biol Rev 85: 35–53.
36. Gardner RH, Milne BT, Turner MG, O’Neill RV (1987) Neutral models for
the analysis of broad-scale landscape pattern. Landsc Ecol 1: 19–28.
37. Andre´n H (1994) Effects of habitat fragmentation on birds and mammals in
landscapes with different proportions of suitable habitat: a review. Oikos 71:
355–366.
38. With KA, Crist TO (1995) Critical thresholds in species’ responses to landscape
structure. Ecology 76: 2446–2459.
39. Fahrig L (2001) How much habitat is enough? Biol Conserv 100: 65–74.
40. Radford JQ, Bennett AF, Cheers GJ (2005) Landscape-level thresholds of
habitat cover for woodland-dependent birds. Biol Conserv 124: 317–337.
41. Betts MG, Forbes GJ, Diamond AW (2007) Thresholds in songbird occurrence
in relation to landscape structure. Conserv Biol 21: 1046–1058.
42. Poulin J-F, Villard M-A, Edman M, Goulet PJ, Eriksson A-M (2008)
Thresholds in nesting habitat requirements of an old forest specialist, the
Brown Creeper (Certhia americana), as conservation targets. Biol Conserv 141:
1129–1137.
43. Zuckerberg B, Porter WF (2010) Thresholds in the long-term responses of
breeding birds to forest cover and fragmentation. Biol Conserv 143: 952–962.
44. Lindenmayer DB, Fischer J, Cunningham RB (2005) Native vegetation cover
thresholds associated with species responses. Biol Conserv 124: 311–316.
45. Baker ME, King RS (2010) A new method for detecting and interpreting
biodiversity and ecological community thresholds. Methods Ecol Evol 1: 25–
37.
46. U.S. Census Bureau (2010) State and County quick facts. Available: http://
quickfacts.census.gov. Accessed 2010 June 1.
47. Weldon Cooper Center (2010) Final 2008 and provisional 2009 population
estimates for Virginia Counties and cities. Available: http://www.
coopercenter.org/demographics/data. Accessed 2010 June 1.
48. Peterjohn BG, Sauer JR (1994) Population trends of woodland birds from the
North American Breeding Bird Survey. Wild Soc Bull 22: 155–164.
49. Sauer JR, Fallon JE, Johnson R (2003) Use of North American Breeding Bird
Survey data to estimate population change for bird conservation regions. J
Wildl Manage 67: 372–389.
50. Sauer JR, Pendleton GW, Orsillo S (1995) Mapping of bird distributions from
point count surveys. USA: USDA Forest Service, Pacific Southwest Research
Station. 151– 160 p.
51. Veech JA, Crist TO (2007) Habitat and climate heterogeneity maintain beta-
diversity of birds among landscapes within ecoregions. Global Ecol Biogeogr
16: 650–656.
52. Poole AE (2005) The Birds of North America Online. Ithaca, NY, USA:
Cornell Laboratory of Ornithology. Available: http://bna.birds.cornell.edu.
bnaproxy.birds.cornell.edu/BNA. Accessed 2011 Nov 3.
53. Mikusin˜ski G, Gromadzki M, Chylarecki Pa (2001) Woodpeckers as indicators
of forest bird diversity. Conserv Biol 15: 208–217.
54. Hagan JM, III (1993) Decline of the Rufous-sided Towhee in the Eastern
United States. Auk 110: 863–874.
55. Sherry TW, Holmes RT (1997) American Redstart (Setophaga ruticilla). The
Birds of North America Online. Ithaca, NY, USA Cornell Lab of Ornithology
Available: http://bna.birds.cornell.edu.bnaproxy.birds.cornell.edu/bna/
species/277. Accessed 2011 Nov 3.
56. U.S. NABCI Committee (2009) The State of the Birds, United States of
America, 2009.
57. Bowman J (2003) Is dispersal distance of birds proportional to territory size?
Can J Zool 81: 195–202.
58. Mazerolle DF, Hobson KA (2004) Territory size and overlap in male
Ovenbirds: contrasting a fragmented and contiguous boreal forest. Can J Zool
82: 1774–1781.
59. Krementz DG, Powell LA (2000) Breeding season demography and
movements of Eastern Towhees at the Savanna River site, South Carolina.
Wilson Bull 112: 243–248.
60. Lang JD, Powell LA, Krementz DG, Conroy MJ (2002) Wood Thrush
movements and habitat use: effects of forest management for Red-cockaded
Woodpeckers. Auk 119: 109–124.
61. Adams JB, Smith MO, Johnson PE (1986) Spectral mixture modeling: a new
analysis of rock and soil types at the Viking Lander 1 site. J Geophys Res 91:
8098–8112.
62. Soille P (2003) Morphological image analysis: principles and applications.
Berlin, Germany: Springer-Verlag.
63. Vogt P, Riitters K, Estreguil C, Kozak J, Wade T, et al. (2007) Mapping spatial
patterns with morphological image processing. Landsc Ecol 22: 171–177.
64. McGarigal K, Cushman SA, Neel MC, Ene E (2002) FRAGSTATS: spatial
pattern analysis program for categorical maps. Available: http://www.umass.
edu/landeco/research/fragstats/fragstats.html. Accessed 2011 Nov 3.
65. Gustafson EJ, Parker GR (1992) Relationships between landcover proportion
and indices of landscape spatial pattern. Landsc Ecol 7: 101–110.
66. Sutherland GD, Harestad AS, Price K, Lertzman KP (2000) Scaling of natal
dispersal distances in terrestrial birds and mammals. Conserv Ecol 4: 16.
Available: http://www.consecol.org/vol14/iss11/art16/. Accessed 2011 Dec
31.
67. Ambuel B, Temple SA (1983) Area-dependent changes in the bird communities
and vegetation of southern Wisconsin forests. Ecology 64: 1057–1068.
68. Blake JG, Karr JR (1987) Breeding birds of isolated woodlots: area and habitat
relationships. Ecology 68: 1724–1734.
69. van Dorp D, Opdam PFM (1987) Effects of patch size, isolation and regional
abundance on forest bird communities. Landsc Ecol 1: 59–73.
70. Robinson SK, Thompson Iii FR, Donovan TM, Whitehead DR, Faaborg J
(1995) Regional forest fragmentation and the nesting success of migratory birds.
Science 267: 1987–1990.
71. Sauer JR, Peterjohn BG, and Link WA (1994) Observer differences in the
North American Breeding Bird Survey. Auk 111: 50–62.
72. Erskine AJ (1978) The first ten years of the cooperative breeding bird survey in
Canada. Can Wildl Serv Report Ser 42: 1–61.
73. Kendall WL, Peterjohn BG, Sauer JR (1996) First time observer effects in the
North American Breeding Bird Survey. Auk 113: 823–829.
74. Robbins CS, Bystrak D, Geissler PH (1986) The Breeding Bird Survey: its first
fifteen years, 1965–1979.
75. Lunn DJ, Thomas A, Best N, Spiegelhalter D (2000) WinBUGS a Bayesian
modeling framework: concepts, structure and extensibility. Stat Comput 10:
325–337.
76. LaDeau SL, Kilpatrick AM, Marra PP (2007) West Nile virus emergence and
large-scale declines of North American bird populations. Nature 447: 710–713.
77. Link WA, Sauer JR (2002) A hierarchical analysis of population change with
application to Cerulean Warblers. Ecology 83: 2832–2840.
78. Sauer JR, Link WA (2011) Analysis of the North American breeding bird
survey using hierarchical models. Auk 128: 87–98.
79. Clark JS (2005) Why environmental scientists are becoming Bayesians. Ecol
Lett 8: 2–14.
80. Link WA, Sauer JR (2007) Seasonal components of avian population change:
joint analysis of two large-scale monitoring programs. Ecology 88: 49–55.
81. Berger JO (1985) Statistical decision theory and Bayesian analysis. New York,
New York, USA: Springer-Verlag.
82. Gelman A, Carlin JB, Stern HS, Rubin DB (2004) Bayesian data analysis. Boca
Raton, Florida, USA: Chapman and Hall/CRC.
83. Link WA, Barker RJ (2010) Bayesian inference with ecological applications.
London, UK: Academic Press.
84. Cleveland WS, Devlin SJ (1988) Locally-weighted regression: an approach to
regression analysis by local fitting. J Am Stat Assoc 83: 596–610.
85. R Development Core Team (2011) R: a language and environment for
statistical computing v 2.11.1 ed. R Foundation for Statistical Computing,
Vienna, Austria.
86. Halkin SL, Linville SU (1999) Northern Cardinal (Cardinalis cardinalis). The
Birds of North America Online. Ithaca, NY, USA: Cornell Lab of Ornithology.
Available: http://bna.birds.cornell.edu.bnaproxy.birds.cornell.edu/bna/
species/440. Accessed 2011 Nov 3.
87. Evans M, Gow E, Roth RR, Johnson MS, Underwood TJ (2011) Wood
Thrush (Hylocichla mustelina). The Birds of North America Online. Ithaca, NY,
USA: Cornell Lab of Ornithology. Available: (http://bna.birds.cornell.edu.
bnaproxy.birds.cornell.edu/bna/species/246. Accessed 2011 Nov 3.
88. Andre´n H, Delin D, Seiler A (1997) Population response to landscape changes
depends on specialization to different landscape elements. Oikos 80: 193–196.
89. Smith RJ, Hatch MI, Cimprich DA, Moore FR (2011) Gray Catbird (Dumetella
carolinensis). The Birds of North America Online. Ithaca, NY, USA: Cornell Lab
of Ornithology. Available: http://bna.birds.cornell.edu/bna/species/167.
Accessed 2011 Nov 3.
90. Lepczyk CA, Mertig AG, Liu J (2004) Assessing landowner activities related to
birds across rural-to-urban landscapes. Environ Manage 33: 110–125.
91. Graber JW, Graber RR, Kirk EL (1985) Illinois birds: vireos. Biological Notes
no 68 Illinois Natural History Survey.
92. Hunt PD (1998) Evidence from a landscape population model of the
importance of early successional habitat to the American Redstart. Conserv
Biol 12: 1377–1389.
93. Holmes RT, Sherry TW (2001) Thirty-year bird population trends in an
unfragmented temperate deciduous forest: importance of habitat change. Auk
118: 589–609.
94. Matlack GR (1997) Four centuries of forest clearance and regeneration in the
hinterland of a large city. J Biogeogr 24: 281–295.
95. Smith WB, Miles PD, Visage JS, Pugh SA (2004) Forest resources of the United
States, 2002. St. Paul, Minneapolis, USA.: USDA Forest Service, North
Central Forest Experiment Station. 137 p.
96. Bowen ME, McAlpine CA, House APN, Smith GC (2007) Regrowth forests on
abandoned agricultural land: a review of their habitat values for recovering
forest fauna. Biol Conserv 140: 273–296.
97. Smith AC, Fahrig L, Francis CM (2011) Landscape size affects the relative
importance of habitat amount, habitat fragmentation, and matrix quality on
forest birds. Ecography 34: 103–113.
98. Hill SR, Gates JE (1988) Nesting ecology and microhabitat of the Eastern
Phoebe in the central Appalachians. Am Midland Nat J 120: 313–324.
99. Weeks HP, Jr (2011) Eastern Phoebe (Sayornis phoebe) The Birds of North
America Online. Ithaca, NY, USA Cornell Lab of Ornithology. Available:
http://bna.birds.cornell.edu.bnaproxy.birds.cornell.edu/bna/species/094. Ac-
cessed 2011 Nov 3.
100. Greenlaw JS (1996) Eastern Towhee (Pipilo erythrophthalmus). The Birds of North
America Online. Ithaca, NY, USA: Cornell Lab of Ornithology. Available:
http://bna.birds.cornell.edu.bnaproxy.birds.cornell.edu/bna/species/262. Ac-
cessed 2011 Nov 3.
Threshold Response of Birds to Landscape Change
PLOS ONE | www.plosone.org 10 June 2013 | Volume 8 | Issue 6 | e67593
101. Dauphine´ N, Cooper RJ. Impacts of free-ranging domestic cats (Felis catus) on
birds in the United States: a review of recent research with conservation and
management recommendations In: Rich TD, Arizmendi C, Demarest DW,
Thompson C, editors; 2009. pp. 205–219.
102. Cooper C, Loyd K, Murante T, Savoca M, Dickinson J (2012) Natural history
traits associated with detecting mortality within residential bird communities:
can citizen science provide insights? Environ Manage 50: 11–20.
103. Betts MG, Hagar JC, Rivers JW, Alexander JD, McGarigal K, et al. (2010)
Thresholds in forest bird occurrence as a function of the amount of early-serial
broadleaf forest at landscape scales. Ecol Appl 20: 2116–2130.
104. Wakamiya SW (2012) Breeding bird monitoring: Mid-Atlantic Network 2011
summary report. Natural Resource Data Series NPS/MIDN/NRDS—2012/
331. National Park Service, Fort Collins, Colorado.
Threshold Response of Birds to Landscape Change
PLOS ONE | www.plosone.org 11 June 2013 | Volume 8 | Issue 6 | e67593
